Light sheet microscopy is a relatively new form of fluorescence microscopy that has been receiving a lot of attention recently. The strong points of the technique, such as high signal to noise ratio and its reduced photodamage of fluorescently labelled samples, come from its unique feature to illuminate only a thin plane in the sample that coincides with the focal plane of the detection lens. Typically this requires two closely positioned perpendicular objective lenses, one for detection and one for illumination. Apart from the fact that this special configuration of objective lenses is incompatible with standard microscope bodies, it is particularly problematic for high-resolution lenses which typically have a short working distance. To address these issues we developed sample holders with an integrated micromirror to perform single lens light sheet microscopy, also known as single objective single plane illumination microscopy (SoSPIM). The first design is based on a wet-etched silicon substrate, the second on a microfabricated polished polymer plug. We achieved an on-chip light sheet thickness of 2.3 μm (FWHM) at 638 nm with the polymer micromirror and of 1.7 μm (FWHM) at 638 nm with the silicon micromirror, comparable to reported light sheet thicknesses obtained on dedicated light sheet microscopes. A marked contrast improvement was obtained with both sample holders as compared to classic epi-fluorescence microscopy. In order to evaluate whether this technology could be made available on a larger scale, in a next step we evaluated the optical quality of inexpensive replicas from both types of master molds. We found that replicas from the polished polymer based mold have an optical quality close to that of the master component, while replicas from the silicon based mold were of slightly lower but still acceptable quality. The suitability of the replicated polymer based sample holder for single-lens light sheet microscopy was finally demonstrated by imaging breast cancer spheroids.
Introduction
While fluorescence microscopy offers high-contrast imaging in combination with selective labels, exposing biological samples to high intensity excitation light may lead to photobleaching of the fluorophores and induce phototoxicity to the cells or tissue under investigation. This problem is confounded when acquiring a 3-D stack of images, which implies that the entire sample is illuminated during the acquisition of each image plane. Light Sheet Microscopy (LSM) was developed in response to these problems and was elected "Method of the Year 2014" by Nature Methods [1] . In a light sheet microscope, two perpendicular objective lenses are used, one for illumination and one for imaging. The illumination objective lens is used to project a thin sheet of excitation light in the sample in such a way that it coincides with the focal plane of the detection objective lens. By restricting excitation of fluorophores to the focal plane, intrinsic optical sectioning of the sample is achieved. To obtain 3-D images the sample is moved through the excitation light sheet along the detection optical axis. In this way each plane of the sample is illuminated only once, which reduces photobleaching and phototoxicity issues [2] . When combined with a fast camera, the technique is able to follow dynamic processes that are happening in (relatively) large 3D volumes, like the beating of the heart [3, 4] or the functioning of the brain [5, 6] of zebrafishes and mice, and live formation of spheroids [7] . Two-photon light sheet microscopy has been reported as well for improved imaging depth [8, 9] . However, widespread use of LSM is hindered due to the fact that it requires two perpendicular objective lenses [10] in close proximity with a dedicated sample holder in between [11, 12] . One problem is that such a configuration is not readily compatible with standard microscope bodies. A second disadvantage of such a configuration is that spatial constraints prohibit the use of high NA lenses which have short working distances.
In response to this need, microfabricated sample holders have been proposed that would enable high-resolution light sheet imaging in combination with standard microscope bodies [13, 14] . In the design proposed by Deschout et al. the sample holder is a disposable microfluidics chip made of a planar waveguide on a silicium or glass substrate. By butt coupling of a single mode optical fiber to the planar waveguide, a 9-μm-thick light sheet illumination could be achieved in the center of the microfluidic channel. While this sample holder was proven valuable for single particle tracking in biological fluids, it has limited use for imaging biological samples since the position of the light sheet is fixed. A more versatile design was recently proposed by Galland et al., which is based on a microfluidic chip with integrated 45° micromirrors. The chip is placed on a normal epi-microscope and a beamshaping unit is used to provide a sheet of light that emerges from the microscope's standard objective lens. After reflection on the 45° micromirror a horizontal sheet of light is obtained in the chip that coincides with the imaging focal plane of the same lens. With this configuration they managed to obtain single-lens LSM images of live embryos and superresolution images of cell nuclei.
The microfabrication process of the master component for Galland et al.'s micromirror chip is based on sequential anisotropic wet etching and dry etching of a silicon wafer. Here we evaluate a less time consuming and less complex approach based on the polishing of an inexpensive polymer material at a 45° angle. After coating with aluminum or gold, we compare its optical performance to the Si chip according to Galland et al. in terms of thickness of the reflected light sheet (beam waist), the homogeneity along its optical axis (depth of field) and contrast achieved. Aimed at potential upscaling we additionally evaluated the optical performance of inexpensive replicas from both types of master molds. It is found that replicas from the polished polymer plug perform best and those are finally used for single-lens LSM imaging of breast cancer cells spheroids as an example application.
Chip design and fabrication
As described in more detail in the next section, the concept relies on the reflection of an elliptical Gaussian beam on a 45° micromirror to create a horizontal light sheet that coincides with the detection focal plane of the objective lens. Given the importance of the beam shape after reflection, we chose to compare two strategies to fabricate the tilted micromirror. In the first strategy, following a previously published method [15] , the crystallographic properties of silicon were exploited and the mirror was made chemically flat by means of anisotropic etching. For the second design the micromirror was fabricated by mechanically polishing a polymer sheet at 45 degree, which was then thinned to the required thickness [16] . Subsequently the sheet was coated by either a layer of gold or aluminum, known for their high reflectivity (85% for aluminum and >90% for gold at 45° incidence angle and λ = 638 nm). Aimed at upscaling towards inexpensive disposable devices, replicas are made as well by pressing the above mentioned master molds, referred to as "master components", onto a transparent UV-curable polymer material to create a negative stamp. The negative stamp is then pressed on a UV-curable epoxy, cured and subsequently coated with a reflecting layer (Au or Al). In the sections below the fabrication process of these different micromirrors is described in detail.
Silicon micromirrors
The process to fabricate optically flat mirror walls into a silicon wafer is schematically depicted in Fig. 8 in Appendix A. It consists of three major steps, namely photolithography, etching and cleaning. The wafer of choice is a thermo-oxidized wafer (silicon dioxide layer: 1 µm thick). After initial spin coating of a primer (TI Prime) and the positive photoresist az9260 (MicroChemicals Gmbh, Germany), both followed by a 3 minutes baking step at 110°C, the wafer is covered with a chrome mask, that defines the position of the tilted walls and the channel, and subsequently exposed to UV light (Suss Microtech, Germany) for 200 seconds. The wafer is immersed for 90 s in an aqueous solution consisting of 1 part Developer 400K (MicroChemicals Gmbh, Germany) and 2 parts distilled water in order to remove the UV illuminated regions of the photoresist. In the subsequent etching step, the wafer is placed for 16 min into a buffered 7:1 HF solution (MicroChemicals Gmbh, Germany) that dissolves the unprotected regions of the silicon dioxide and exposes the underlying bare silicon. Next, the wafer is placed for 5 min in an ultrasonic bath filled with acetone to remove the photoresist layer. Then the wafer is put into a stirred KOH bath (KOH/Water/IPA 20/64/16) at 70°C that will selectively remove atoms in the <100> crystal direction, thus etching the channel with tilted walls at approximately 40 µm/hour. A careful monitoring of the etch rate by means of temperature and concentration of the etchant is of the utmost importance since the etch rate can influence the wall roughness. Finally an RCA-1 clean was performed as follows. A solution of 5 parts water, 1 part 27% ammonium hydroxide and 1 part 30% hydrogen peroxide is heated at 70°C, then the wafer is soaked in the solution for 15 min, rinsed with water and put for 5 min into a 5% HCl solution. Figure 1 shows the end result of this process. In panel A the scheme of the silicon based master mold is portrayed. Panel B and panel C capture a picture of the silicon based master mold and a SEM micrograph of the tilted micromirror.
Polymer micromirrors
Optically flat tilted surfaces in polyimide (PI) were prepared as described in detail elsewhere [16] . A schematic description of the fabrication process is provided in Fig. 9 in Appendix A. Briefly, a 500-μm-thick flexible PI wafer (OPTIcomp Networks, Inc.) is clamped in a special PMMA device with a 45° trench. The whole device is polished to provide a 45° polished end facet to the PI foil. Subsequently, the edge defects from the polishing process are eliminated by thinning down the wafer to the desired thickness (200 μm in this case). Afterwards, the wafer is cut into small parts of the desired length and width by a wafer dicer with a diamond coated blade. The tilted end facets are then coated with a 120-nm-thin gold layer by vapor deposition, or with an aluminium layer applied by sputtering. The process yields thin micromirror plugs with an RMS roughness below 20 nm and good control over the angle ( ± 1 degree), see Figs. 2(a) and 2(c). A simple master mold is created by attaching two opposing mirror plugs to a glass microscope slide, as shown in Fig. 2(b) . 
Disposable replicated sample holders
For imaging of biological specimen it is of interest to investigate the optical quality of inexpensive disposable replicas made from the master components. First, the polymer or silicon based master components are covered with a UV-curable, transparent fluorinated molding material (MD700, Solvay Solexis + photoinitiator). Following UV illumination, the polymerized material is easily peeled off from the master components. This stamp is then used to fabricate the actual replicas. To this end, a drop of a UV-curable epoxy (EpoTek OG142-112) is dispensed on a glass slide and the molding stamp is pressed into the drop. Then the epoxy is cured using UV illumination and, after complete hardening, the molding stamp can be peeled-off. This results in epoxy structures with the same topology as the master components. In a final step the replicated micromirrors are coated with a 200 nm reflective layer of either gold (evaporation) or aluminum (sputtering). For a schematic description of the fabrication process, see Fig. 10 in Appendix A.
Optical setup
The excitation light sheet is provided by a laser source (Lasos RLD-638-150, λ: 638 nm, operating at 20 mW). To have full control of the waist, divergence, position and orientation of the light sheet in the measurement chamber, a custom-made beam shaping unit was built as schematically depicted in Fig. 3 . After collimation, the beam passes three lenses (section S1) that serve as a variable beam expander. By choosing the appropriate distance between these lenses, the beam width at the back focal plane of the objective can be set, which in turn determines the waist thickness and divergence of the light sheet at the front focal plane of the microscope's objective lens (40x Nikon objective lens, CFI S Plan Fluor Brightfield, NA 0.6). A thin light sheet waist provides better contrast at the expense of more beam divergence and, therefore, a more limited field of view. Being able to choose the waist thickness make the sample holder more versatile and able to switch between observing small cells (thin light sheet and small field of view) and living organism (thicker light sheet and larger field of view). . Single lens light-sheet microscopy is achieved by reflection of an elongated elliptical gaussian beam in a sample holder with integrated microfabricated tilted mirror (TM). After collimation (C), the laser beam passes through a variable beam expander consisting of three lenses (section S1), that allow to adjust the waist thickness and divergence of the light sheet in the channel. The light sheet focus in the sample holder is manipulated independently by the three telescopes (T.a, T.b and T.c) depicted in section S2. The laser beam is shaped into an elliptical Gaussian beam by a telescope in section S3 with a cylindrical back lens (CL). The fluorescent light emitted passes through a dichroic mirror (DM) and is imaged on the camera by a tube lens (TL). Section S2 consists of three telescopes, each with a specific position with respect to a plane conjugated to the back focal plane of the microscope objective. Each telescope allows for an independent manipulation of the laser focus at the front focal plane of the objective lens: a translation of the laser focus along the axis of the beam, a lateral translation of the focus and a tilt of the laser beam with respect to the axis of the objective. These manipulations are achieved by respectively axially translating the back lens of the telescope T.a, laterally translating the front lens of T.b and jointly laterally translating both lenses of telescope T.c. After this, the beam passes section S3, consisting of a telescope with a cylindrical back lens. This produces an elliptical Gaussian beam in the focal plane of the objective lens. The laser beam is subsequently coupled into a microscope (Nikon Ti-E) onto which the sample holder with tilted micromirrors is installed. Fluorescence light coming from the sample is collected by the same objective lens and separated from the excitation light by a dichroic mirror. Images are acquired with a digital camera (iXon + , Andor, Belfast, UK).
Light sheet characterization and optical performance

Beam characterization and contrast using the master component
A first step in the comparison of the various micromirrors is the characterization of the light sheet beam profile after it is reflected by the micromirrors. At first, we wondered if the type of metal coating (gold applied through evaporation or aluminum applied trough sputtering) would influence the optical quality of the reflected beam. As shown in Fig. 11 in Appendix B, neither the beam profile nor the achieved contrast are affected by the metal applied, thus both gold and aluminum can be used.
We first evaluated the optical quality of the reflected beam in both master components. The parameters that are of primary interest are the thickness of the light sheet (beam waist) and the homogeneity along its optical axis (effective depth of field). As it is not possible to visualize the light sheet from the side in the sample holders, we replaced the cylindrical lens (see 
with W 0 the FWHM at the beam focus, proportional to the beam waist and DoF eff the effective depth of focus. Parameters W 0 and DoF eff were considered to be independent to account for a potential deviation of a perfect Gaussian beam propagation by optical aberrations induced by the micromirrors. The W 0 is determined as 2.4 ± 0.3 µm for the polished polymer micromirror and 1.6 ± 0.3 µm for the silicon micromirror. The corresponding DoF eff was 19 ± 0.3 µm 10.0 ± 1.0 µm, respectively. Although the performance of both is quite similar, the slightly smaller beam waist with the silicon micromirror is likely due to its surface being more flat than that of the polished micromirror, as can be seen in Figs. 1(c) and 2(c). Another performance indicator is the contrast that is obtained for fluorescent samples. Similar to previous work [13, 17] we used fluorescent nanospheres (Invitrogen, dark red, diameter 100 nm) dispersed in red fluorescent solutions of Cy5 (Mirus Bio LLC, Madison, USA). The concentration of Cy5 was gradually increased to simulate an increasingly higher background intensity. The cylindrical lens was used to create a light sheet in the channel. Time-lapse videos of these samples (see Visualization 1, Visualization 2, Visualization 3, Visualization 4, Visualization 5, Visualization 6, Visualization 7, Visualization 8, and Visualization 9), were acquired and the contrast was determined for more than 300 of these nanospheres moving within the depth of field region using in-house developed particle tracking software [18] . The contrast C for every nanosphere is calculated from C = (I -BG)/ (I + BG), where I is the average intensity of the nanosphere and BG is the local background intensity calculated along a contour at 4 pixel distance around the edge of the nanosphere. The average contrast values are plotted in Fig. 5 as a function of Cy5 concentration. It is to be noted that more and more nanospheres become indistinguishable from the background as the concentration of Cy5 increases. The contrast for those invisible particles is put to zero in the calculation of the average contrast values. Thus, the average contrast was calculated presuming the same number of particles as registered in the videos without Cy5. The results in Fig. 5 are compared with the contrast values of the same nanospheres imaged with a homebuild epi-fluorescent microscope [18] . The contrast obtained using light sheet illumination with the silicon-or the polymer-based mold is at least two times higher compared to epifluorescence microscopy. As described in section 2.3, the silicon and polymer based sample holders are replicated in a UV-curable epoxy. The replicated sample holders, coated with aluminium, are tested and their performance in terms of beam profile and contrast achieved are compared to the performances of their master component in Fig. 6 . Replicas from the silicon based mold show a rather asymmetric profile, see Fig. 6(c) . The minimal FWHM W 0 is 2.6 ± 0.3 µm, that is, replicas from the silicon based mold have a beam waist about 1.5 times wider than the beam waist of the master component. At the same time the DoF eff enlarged slightly from 10.0 to 12.0 ± 0.5 µm. Replicas from the polymer based mold are found to have more regular beam profiles, see Fig. 6(d) . Their W 0 , 1.9 ± 0.3 μm for the aluminium coated micromirror, is slightly better than the master component, which was 2.4 ± 0.3 μm. Correspondingly the DoF eff decreased slightly from 19 to 17.3 ± 1.1 µm. This improvement could be due to small roughness's present in the master component that are smoothed out in the replication process. As a consequence, the contrast of replicated sample holders based on the silicon master mold in Fig. 6(e) is worse compared to the contrast observed in the silicon based master mold, while the contrast measured in the replicated sample holder based on the polymer master mold shown in Fig. 6(f) is comparable to the contrast measure in the polymer based master mold.
Beam characterization and contrast in the replicated sample holders
Imaging of spheroids
Following the successful fabrication and evaluation of the replicated polymer based sample holder, we finally demonstrate that it can be used for light sheet microscopy. eGFP positive MCF-7 human breast cancer cells were grown adherently until they reached 70% confluency, after which they were trypsinised and kept in suspension for 72h at 37°C, 5% CO 2 under constant gyratory shaking (70 rpm) to allow spheroid formation. The spheroids were then placed into the replicated sample holder and imaged in light sheet mode, shown in Fig. 7 . The spheroid was imaged from bottom to top by moving the objective lens downward in 1 µm steps. This changes the incidence position of the illumination beam on the micromirror, so that the z-position of the horizontal light sheet in the microchannel is also changed. It is to be noted that this procedure also causes a lateral shift of the light sheet focus, which is compensated by appropriately adjusting the T.a telescope shown in Fig. 3 . The difference in contrast is astounding in comparison with standard epi-fluorescent microscopy (see Visualization 10). In light sheet mode it is possible to identify single cells and their positions throughout the spheroid while this is not possible in the epi-fluorescence images. It demonstrates that high-quality light sheet imaging is possible with our sample holders replicated from the polymer master component. Fig. 7 . Images of MCF-7 human breast cancer spheroids at different planes. Cells were imaged from bottom to top and the z-planes were 1 µm apart.
Discussion and conclusion
In recent years, the interest of the scientific community in light sheet microscopy has steadily increased and the field has seen many technological developments [19] [20] [21] as well as a tremendous rise in applications [7, 22, 23] . However, in its typical configuration LSM relies on at least two objective lenses that are placed orthogonally close to one another. For objective lenses with long working distances this is not a problem, but naturally this means that the numerical aperture, and therefore resolution, is limited. Therefore, for high resolution imaging, other solutions are required. In addition, such an orthogonal double lens configuration is not easily compatible with standard microscopy bodies, thus hindering its widespread use in the biological community.
One solution consists of delivering the light sheet from the opposite direction of the detection lens and making use of a reflective surface close to the sample so as to reflect the light sheet horizontally into the sample. Leica, for instance, uses this approach in its commercial light sheet microscope. On an inverted microscope, they make use of two opposing 45° mirrors that are attached to the condenser lens of the diascopic illumination arm. For light sheet imaging, the sample is mounted in hydrogel on a petri dish and the 45° mirrors are lowered so that they are placed around the gel-mounted sample. Laser light is coupled into the diascopic illumination arm and is reflected horizontally. By rapid scanning of the laser beam in one direction, a light sheet is emulated in the sample and imaging is realized through the microscope's objective lens. While this configuration is well suited for imaging larger organisms, like e.g. C. elegans, it is not readily suited for imaging adherent cell cultures. An alternative solution was put forward by Gebhardt and his colleagues [24] who used a tipless AFM cantilever for horizontal reflection of the light sheet beam in adherent cell cultures. It allowed the use of high numerical aperture lenses and consequently the generation of a submicrometer light sheet, apt to illuminate single cells as close as 2 µm from the coverslip. While a technological feat, this approach requires addition of specially manufactured AFM cantilever holder and separate optics to provide light sheet illumination incident onto the AFM cantilever, all mounted to a fluorescence microscope, which adds another layer of complexity.
A more practical approach would be to provide the light sheet in the sample through the same objective lens that is used for imaging on a fluorescence microscope. In 2013 our group demonstrated on-chip single lens light sheet imaging by making use of a microfluidic chip with an integrated planar waveguide [13] . Excitation light was delivered into the chip by butt coupling of a fiber coupled laser to the planar waveguide. The excitation light then emerges as a wide but thin sheet of light in the measurement microchannel. While the contrast enhancement was shown to be beneficial for accurate nanoparticle tracking in suspension, the general use of this device for imaging purposes is limited due to the light sheet being fixed in space. Galland et al. instead recently developed microfluidic sample holders with integrated reflective micromirrors which allow horizontal reflection of the excitation light sheet after it passes through the microscope's objective lens [14] . Such a design is compatible with high NA objective lenses and only requires appropriate beam shaping, which can be done before the laser beam is sent into the microscope body. The sample holders are made of a UVcurable polymer, index matched with the cell medium, and are obtained through replication from a silicon wafer with tilted microchannel walls prepared by anisotropic wet etching and dry etching.
Here we evaluated if a less complicated approach could be used to fabricate micromirrors. The process starts from an inexpensive PI wafer which is polished at 45°, cut in smaller parts and attached to a microscope slide. We achieved an on-chip light sheet thickness of 2.3 μm (FWHM) at 638 nm for the polymer micromirrors, which was slightly worse than the 1.7 μm (FWHM) at 638 nm for micromirrors prepared in silicon by anisotropic wet etching. However, the optical quality of replicated sample holders was better for those prepared from the polymer master mold as compared to those prepared from the silicon master mold. This shows that our approach based on an inexpensive polished polymer plugs is very well suited for upscaling of sample holders with integrated micromirrors for single-lens LSM. The suitability of those replicated sample holders for LSM microscopy was demonstrated by imaging breast cancer spheroids.
Such disposable sample holders with integrated micromirrors allow single-lens light sheet microscopy on chip. As it only requires minor modifications in the light path between the laser and the microscope body, the technique can be readily implemented on any research grade epi-fluorescent microscope and should allow the transfer of this technology to less specialized laboratories. In summary, we proposed and tested a different approach to fabricate sample holders with integrated micromirrors for single-lens light sheet microscopy. The master mold obtained by polishing of an inexpensive polymer wafer was compared to a previously reported master mold obtained by anisotropic Si etching. While the optical quality of the Si master mold was slightly better than that of the polished polymer wafer, replica's from the latter made from UV-curable epoxy turned out to have the best performance. The usability of those replica's was demonstrated by capturing high-quality images of human cancer spheroids. Taken together our work shows that single lens LSM has the potential to become an accessible imaging modality that is compatible with standard fluorescence microscopes available in most cell biology labs.
Appendix A -Fabrication of sample holders
Fabrication procedure of silicon master mold Fig. 8 . Fabrication procedure of the silicon based master mold. The process is divided in three parts, namely photolithography, etching and cleaning. A thermo-oxidized wafer (silicon dioxide layer: 1 µm thick) is spin coated with a primer and subsequently with a positive photoresist, both followed by a 3 minutes baking step at 110°C. Afterwards, the wafer is covered with a chrome mask, that defines the position of the tilted walls and the channel, and subsequently exposed to UV light for 200 seconds. The wafer is immersed for 90 s in an aqueous solution consisting of 1 part Developer 400K and 2 parts distilled water in order to remove the UV illuminated regions of the photoresist. In the subsequent etching step, the wafer is placed for 16 min into a buffered 7:1 HF solution that dissolves the unprotected regions of the silicon dioxide and exposes the underlying bare silicon. Next, the wafer is placed for 5 min in an ultrasonic bath filled with acetone to remove the photoresist layer. Then the wafer is put into a stirred KOH bath (KOH/Water/IPA 20/64/16) at 70°C that will selectively remove silicon in the <100> crystal direction, thus etching the channel with tilted walls at approximately 40 µm/hour. A careful monitoring of the etch rate by means of temperature and concentration of the etchant is of utmost importance since the etch rate can influence the wall roughness. Finally an RCA-1 clean was performed as follows. A solution of 5 parts water, 1 part 27% ammonium hydroxide and 1 part 30% hydrogen peroxide is heated at 70°C, then the wafer is soaked in the solution for 15 min, rinsed with water and put for 5 min into a 5% HCl solution.
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Fabrication procedure of polymer master mold Fig. 9 . Fabrication procedure of the polymer-based master mold. 1. A 500-μm-thick flexible PI wafer is clamped in a special PMMA device with a 45° trench. 2. The device is polished to provide a 45° polished end facet to the PI wafer. 3. The wafer is polished and thinned down at both sides to the desired thickness. This step also removes unwanted edge defects. 4. The wafer is cut into small parts of the desired length and width by a wafer dicer with a diamond coated blade. 5. The tilted end facets are then coated with a 120-nm-thin gold layer by vapor deposition, or with an aluminium layer applied by sputtering. 6. The polymer plug is now ready to be glued to a microscopy slide. Fig. 10 . Schematic overview of the replication process. 1. The polymer or silicon based master components are covered with a UV-curable, transparent fluorinated molding material. 2. The molding material is polymerized by UV illumination. 3. The polymerized mold is easily peeled off from the master component. 4. The material is used as a stamp to fabricate the actual replicas. A drop of a UV-curable epoxy is thus dispersed on a glass slide and the molding stamp is peeled off. 6. The replicated micromirrors are coated with a 200 nm reflective layer of either gold (evaporation) or aluminum (sputtering).
Replication process
